The effect of natural shading on photosynthetic capacity and chloroplast thylakoid membrane function was examined in soybean (Glycine max. cv Young) under field conditions using a randomized complete block design. Seedlings were thinned to 15 plants per square meter at 20 days after planting. Leaves destined to function in the shaded regions of the canopy were tagged during early expansion at 40 days after planting. To investigate the response of shaded leaves to an increase in available light, plants were removed from certain plots at 29 or 37 days after tagging to reduce the population from 15 to three plants per square meter and alter the irradiance and spectral quality of light. During the transition from a sun to a shade environment, maximum photosynthesis and chloroplast electron transport of control leaves decreased by two-to threefold over a period of 40 days followed by rapid senescence and abscission. Senescence and abscission of tagged leaves were delayed by more than 4 weeks in plots where plant populations were reduced to three plants per square meter. Maximum photosynthesis and chloroplast electron transport activity were stabilized or elevated in response to increased light when plant populations were reduced from 15 to three plants per square meter. Several chloroplast thylakoid membrane components were affected by light environment. Cytochrome f and coupling factor protein decreased by 40% and 80%, respectively, as control leaves became shaded and then increased when shaded leaves acclimated to high light. The concentrations of photosystem I (PSI) and photosystem 11 (PSII) reaction centers were not affected by light environment or leaf age in field grown plants, resulting in a constant PSII/PSI ratio of 1.6 ± 0.3. Analysis of the chlorophyll-protein composition revealed a shift in chlorophyll from PSI to PSII as leaves became shaded and a reversal of this process when shaded leaves were provided with increased light. These results were in contrast to those of soybeans grown in a growth chamber where the PSII/ PSI ratio as well as cytochrome f and coupling factor protein levels were dependent on growth irradiance. To summarize, light environment regulated both the photosynthetic characteristics and the timing of senescence in soybean leaves grown under field conditions. ' Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture or the North Carolina Agricultural Research Service and does not imply its approval to the exclusion of other products that may also be suitable.
15 plants per square meter at 20 days after planting. Leaves destined to function in the shaded regions of the canopy were tagged during early expansion at 40 days after planting. To investigate the response of shaded leaves to an increase in available light, plants were removed from certain plots at 29 or 37 days after tagging to reduce the population from 15 to three plants per square meter and alter the irradiance and spectral quality of light. During the transition from a sun to a shade environment, maximum photosynthesis and chloroplast electron transport of control leaves decreased by two-to threefold over a period of 40 days followed by rapid senescence and abscission. Senescence and abscission of tagged leaves were delayed by more than 4 weeks in plots where plant populations were reduced to three plants per square meter. Maximum photosynthesis and chloroplast electron transport activity were stabilized or elevated in response to increased light when plant populations were reduced from 15 to three plants per square meter. Several chloroplast thylakoid membrane components were affected by light environment. Cytochrome f and coupling factor protein decreased by 40% and 80%, respectively, as control leaves became shaded and then increased when shaded leaves acclimated to high light. The concentrations of photosystem I (PSI) and photosystem 11 (PSII) reaction centers were not affected by light environment or leaf age in field grown plants, resulting in a constant PSII/PSI ratio of 1.6 ± 0.3. Analysis of the chlorophyll-protein composition revealed a shift in chlorophyll from PSI to PSII as leaves became shaded and a reversal of this process when shaded leaves were provided with increased light. These results were in contrast to those of soybeans grown in a growth chamber where the PSII/ PSI ratio as well as cytochrome f and coupling factor protein levels were dependent on growth irradiance. To summarize, light environment regulated both the photosynthetic characteristics and the timing of senescence in soybean leaves grown under field conditions. ' Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture or the North Carolina Agricultural Research Service and does not imply its approval to the exclusion of other products that may also be suitable.
Both light quantity and light quality regulate the photosynthetic properties of higher plants by controlling the activity and the composition of the photosynthetic apparatus (2, 5, 29) . Thus, light environment plays a critical role during leaf expansion in determining the photosynthetic properties of the mature leaf. More recently, controlled environment studies with a number of species have shown that fully expanded leaves retain the capacity to 'fine-tune' photosynthesis in response to changes in growth irradiance (8, 12, 14, 15, 33) . This study was conducted to determine whether light acclimation is a significant factor under field conditions in leaves that become shaded during canopy development. The first objective was to identify changes in photosynthetic activity and chloroplast membrane composition in fully expanded soybean leaves during the transition from a sun to a shade environment as the upper canopy developed. The second objective was to identify changes in photosynthesis ofa shaded leaf during acclimation to an increase in available light induced by removal of adjacent plants. Uncoupled photosynthetic electron transport was assayed as DCIP reduction at 580 nm (E580 = 18.0 mM-' cm-') with water as the electron donor (21) . The assay contained 0.1 M sorbitol, 40 mM Tricine-NaOH (pH 8.0), 1 mm NH4Cl, 30 ,gM DCIP, and 2 Ag Chl/ml. Saturating actinic light was passed through a red filter (Corning 2-58) and the detector was protected with a blue filter (Coming 4-96).
MATERIALS AND METHODS

Chi Determination
Chl content of fresh leaf discs was determined by extraction of pigments with dimethylformamide overnight in the dark at 4°C. The Chl concentration and Chl a/b ratio of dimethylformamide extracts of leaf tissue and thylakoid membranes were determined spectrophotometrically (27) .
Analysis of Thylakoid Membrane Components
The concentration of PSII reaction centers was determined by measuring the specific binding of ['4C]atrazine to the high affinity site on thylakoid membranes (30) . Cyt f content was determined from reduced (hydroquinone) minus oxidized (potassium ferricyanide) difference spectra using an extinction coefficient of 18 mM-' cm-' (20) . The concentration of P-700 was determined from the reversible light-induced P-700 A697, change using an extinction coefficient of 64 mm-' cm-' (19) . Details have been published elsewhere (14) .
Chloroplast coupling factor protein was quantified from 10% polyacrylamide gels using the procedure of Laemmli (23) with lithium dodecylsulfate substituted for SDS to facilitate analysis at low temperature. Thylakoid membranes were solubilized at 4°C and electrophoresis was conducted at 8°C to resolve the a-and 3-subunits of CF, from other polypeptides. The samples were loaded on a Chl basis (10 ,ug/lane). Purified CF, (2 ,g protein) was analyzed in one lane on each gel to provide an internal standard. Gels were stained with Coomassie blue and destained before analysis with an LKB laser densitometer. Peak areas for the a-and A-subunits were combined and used as a relative measure of CF,.
Chl-protein composition was analyzed by mild SDS-PAGE 'green' gels as described previously (15) 
RESULTS
Light Environment Associated with Canopy Shading
For a soybean leaf destined to function in the lower region of the canopy, the light environment changed dramtically over time. To monitor leaves of the same age throughout the growing season, a population of expanding leaves (5th or 6th trifoliolate) was tagged during early canopy development and analyzed throughout the season. Within 9 DAT, leaf Chl accumulation was complete ( Fig. 1) . At this time, the fully expanded leaves were functioning in full sun. As the canopy developed, the tagged leaves became shaded. Irradiance in the control plots, measured as PPFD at the plant base, was 824, (Fig. 3 ) and chloroplast electron transport activity (Fig. 4) were stabilized or elevated relative to the control rate present at the time removal treatments were imposed. Activities remained high for several weeks beyond the time when abscission of all similar leaves had occurred in control plots. Leaf Chl loss was also delayed by several weeks until the onset of monocarpic senescence (Fig. 1) .
Effects on Thylakoid Membrane Components Associated with Electron Transport and Photophosphorylation
In field plants, the concentrations of PSI (Fig. SA) (Table I) .
CF, was also a dynamic component within the thylakoid membrane. The gel in Figure 6 shows a large decrease in the (Fig. 6) (Fig.  8) . This then increased when plant populations were reduced. Because all Chl pigment is noncovalently attached to one of several polypeptides within the thylakoid membrane, the change in the Chl a/b ratio indicated a redistribution of Chl between the Chl-protein complexes.
To identify the specific complexes involved, soybean Chiprotein complexes were separated on mild SDS-PAGE 'green' gels. Eight Chl-containing bands were resolved (Fig. 9) Quantitation was performed by integration of gel scan peak areas. Free pigment levels averaged 7.3 ± 0.8% for the thylakoid membrane preparations analyzed during this study. As the tagged leaves became shaded, CPla decreased and LHC-II increased in control plants with no effect on CPl or CPa (Fig. 10) . After plant populations were reduced, CPla increased and there was a trend upward in CPl while LHC-II decreased (Fig. 10) .
DISCUSSION
Two types of senescence have been described for soybean under field conditions: progressive senescence of lower leaves before reproductive growth and monocarpic senescence of the remaining leaves during the pod fill phase of reproductive growth (28) . Wells (32) showed that the loss of lower canopy leaves was not closely associated with light interception subsequent to canopy closure, an indication that the shaded leaves do not contribute significantly to whole plant photosynthesis. In this study, light environment was found to be a factor that controls the timing of progressive leaf senescence in soybean. For control leaves destined to function in the shaded regions of the canopy, Ama, declined (Fig. 3) as the upper canopy developed, and this decline occurred before reduction of leaf Chl (Fig. 1) . Beginning approximately 35 DAT, the Chl content of shaded leaves decreased, followed by a period of rapid senescence and abscission. Photosynthetic activity was stabilized or increased relative to shaded controls MIGRATION (mm) leaves (Fig. 7) was the largest change in any component measured during this study. The level of CF1 protein (Fig. 7) closely paralleled maximum leaf photosynthesis (Fig. 3) . Thus, CF, protein levels may limit the photosynthetic capacity of shaded leaves by reducing photophosphorylation capacity. Uncoupled photosynthetic electron transport also decreased in response to canopy shading (Fig. 4) , but the magnitude of the change was smaller than the observed change in leaf photosynthesis (Fig. 3) . Cyt f levels (Fig. 5C ) followed the same trends as electron transport activity (Fig. 4) , which supports the proposal of Halloway et al. ( 18) that the Cyt b/f complex may be limiting electron transport capacity. Al- Figure 9 . There is evidence that light can act to delay senescence (3). Although the mechanism for light regulation of senescence is not known, effects on photosynthesis (3) or the action of phytochrome on protein synthesis (3, 6) and hormone levels (3, 31) have been suggested. A role for phytochrome has been clearly demonstrated in mustard cotyledons (4) and barley leaf segments (11) , in which dark-induced senescence was delayed by pulses of red light and reversed by far-red pulses. Phytochrome could be involved in the progressive senescence of shaded leaves in a natural canopy. A major difference between field conditions and the classical phytochrome experiment is that shaded leaves within the canopy are exposed to long periods of continuous low irradiance enriched in farred light (see Fig. 2 ), not short pulses of red or far-red light.
Under such steady state conditions, the rates of Pr synthesis and Pfr breakdown, not the Pr/Pfr photochemical equilibrium, would be the critical factors controlling a phytochrome response (17) . Thus, a relationship may exist between the steady state level of phytochrome protein in the leaf and the timing of progressive leaf senescence in the shaded regions of the canopy.
A major objective of this study was to determine the significance of light acclimation in the field during canopy development. The steady state levels of specific thylakoid membrane-proteins are known to change in response to irradiance manipulations under growth chamber conditions. Experiments with barley ( 14) , lettuce ( 13) , mustard (33) , pea (9, 16, 24) , soybean (Table I) , spinach (10) , and tomato ( 12) have shown that levels of CF and Cyt fare dependent on growth irradiance. In results reported here, both coupling factor and Cyt f levels were affected by canopy shading under field conditions. The fourfold decrease in CF, protein in control Figure 9 define the areas assigned to each complex. Each point represents the average ± SD of four thylakoid membrane preparations, one from each of four replicated plots. though the values reported here are on a Chl basis, the interpretation would be similar on a leaf area basis because changes in photosynthetic activity, CF,, and Cyt f preceded the loss of leaf Chl.
Light effects on the PSII/PSI ratio were different for growth chamber and field grown plants. The concentrations of PSI (Fig. 5A) and PSII (Fig. 5B ) reaction centers were not significantly different over the wide range of light environments imposed by canopy development in the field, resulting in a constant PSII/PSI ratio of 1.6 ± 0.3. In contrast, a number of controlled environment studies have shown that the PSII/ PSI ratio is dependent on irradiance (9, 10, 14, 16, 24, 33, and Table I ) although the physiological significance has been questioned because the effects on PSII/PSI ratio are small for certain species (24) . Both the field data (Fig. 5A ) and the irradiance studies (9, 10, 14, 16, 24, 33, and (Table I ). Yet canopy shading did not affect the number of PSII reaction centers (Fig. 5B ). Light quality effects may explain the differences between irradiance studies and canopy shading. The higher far-red/red ratio associated with shade environments within the canopy (Fig. 2) will preferentially excite PSI. Plants grown under light that favors PSI have been shown to contain more PSII reaction centers to compensate for the illumination conditions (7) . Therefore, during canopy development, the reduction in PSII reaction centers predicted for a low irradiance environment may be offset by light quality conditions that increase the number of PSII centers. The result of these two factors would be a PSII/PSI ratio that appears to be unaffected by light.
Although the PSII/PSI ratio was constant under field conditions, the distribution of Chl between the two reaction centers was found to be regulated by light environment. This was reflected in both the Chl a/b ratio (Fig. 8) and the Chlprotein composition (Fig. 10) . As control leaves became shaded, a decreased Chl a/b ratio was associated with a decrease in the CP 1 a complex of PSI and an increase in the LHC-II of PSII. Because the number of P-700s did not change (Fig. 5A) , the decrease in CPla was probably the result of a reduction in the LHC-I that contributes Chl to the CPla complex. The net effect of a decrease in LHC-I accompanied by an increase in LHC-II is to shift Chl from PSI to PSII in response to shade. Following a reduction in plant density, the increased available light caused a shift in Chl from PSII to PSI, effectively reversing the shade response. The results suggest that light environment within the canopy controls the distribution ofChl between PSI and PSII through the synthesis and breakdown of LHC-I and LHC-II. The kinetics of the response were slow (days), an indication that light acclimation of this type is a response to long term changes in light environment.
A comparison of canopy shading and irradiance studies revealed significant differences in light environment effects on Chl organization. The Chl a/b ratio is affected by both canopy shading (Fig. 8) and irradiance manipulations (15, 25) . Generally, the Chl a,'b ratio is higher for leaves exposed to full sun or high irradiance growth chamber conditions relative to shade or low irradiance acclimated leaves. However, the associated changes in Chi-protein composition are different for the two light environments. As discussed above, the combination ofirradiance and light quality changes within plant canopies affects the distribution of Chl between PSI and PSII by altering LHC-I and LHC-II levels. In contrast, irradiance alone affects the distribution of Chl within PSII by altering the levels of CPa and LHC-II without changing the relative distribution of Chl between PSII and PSI (15, 25) . Overall, these results support the concept that chloroplast thylakoids are a dynamic membrane system that responds to light environment.
